D-Glucose and L-leucine are transported across the blood-brain barrier (BBB) by two separate carrier-mediated facilitated diffusion mechanisms. In the awake rat there are regional differences in blood-to-brain glucose transport among the cerebral cortex, cerebellum, hippocampus, and striatum. To determine whether these are due to variations in the regional density or affinity of the glucose transporter moiety of brain capillaries or are secondary to regional tissue perfusion and capillary ar rangement characteristics, we studied (a) regional blood to-brain transport of L-leucine in awake rats; (b) regional blood-to-brain transport of both glucose and leucine under chloral hydrate anesthesia, a condition associated with altered regional brain blood now (BF) and metabo lism; and (c) regional brain vascular volume, derived from the L-glucose and inulin spaces, in both awake and
anesthetized rats. We found the same regional differences in blood-to-brain leucine transport in awake rats as we previously described for D-glucose transport. These re gional differences in glucose and leucine transport disap pear under chloral hydrate anesthesia, as regional differ ences in BF are abolished. However, we found regional differences in the brain vascular volumes, which are evi dent in wakefulness and persist during anesthesia. These results suggest that the regional differences in blood-to brain transport are due mainly to local tissue perfusion and capillary arrangement characteristics rather than to intrinsic regional differences in the transport systems of the BBB. Key Words: Blood-brain barrier-Regional brain blood flow-Regional brain blood volume-Re gional brain capillary characteristics-Regional brain glucose and leucine transport.
blood-to-brain glucose transport capacity of the hippocampus was significantly less than that of the cerebral cortex and cerebellum, which may render the hippocampus glucose deficient under condi tions associated with high glucose metabolism such as seizures. Regional differences in the blood-to brain glucose transport may be due to (a) differ ences in the density and/or affinity of the glucose transporter of regional brain capillaries; (b) differ ences in vascular arrangement and capillary geom etry, which include capillary density and length; or (c) differences in capillary BF characteristics such as capillary hematocrit and flow velocity. The first possibility is not supported by studies of the glu cose transporter of isolated regional brain micro vessels (Dick and Harik, 1986) .
The object of this study was to ascertain whether regional differences in the blood-to-brain glucose transport are unique to glucose or if they are a function of regional differences in capillary distri bution and perfusion. To achieve our aim, we used two strategies: We studied (a) the regional blood-to-brain transport of L-leucine, an amino acid which crosses the blood-brain barrier (BBB) by a separate carrier-mediated, facilitated diffusion transport system, in awake rats; and (b) the re gional BBB transport of D-glucose and L-leucine under chloral hydrate anesthesia, a condition asso ciated with altered regional brain functions and BF. We also used L-glucose and inulin, substances that do not easily traverse the BBB, as indicators of re gional brain vascular space in both awake and anes thetized rats. Our results suggest that regional dif ferences in brain capillary transport are due to dif ferences in local tissue perfusion and capillary arrangement rather than to intrinsic regional differ ences in the transport systems of BBB. These re sults have been presented in preliminary form (McCracken et aI., 1984; LaManna et aI., 1985) .
METHODS

Experimental procedures
Adult male Wistar rats (250-300 g) were anesthetized with chloral hydrate (400 mg/kg i. p. ), and cannulae were inserted into the tail artery and into the right atrium of the heart via the external jugular vein. The skin was infil trated with a local anesthetic solution and sutured. Rats to be studied under anesthesia were given supplemental intravenous chloral hydrate as needed. Rats to be studied in the awake state were allowed to recover from anes thesia and restrained in loose-fitting plaster casts for at least 3 h after surgery, when they were fully awake. Rectal temperature in all rats was monitored and kept near 37°C. The arterial cannula was used to sample blood and plasma for blood gases, pH, and glucose determina tions. In awake rats (n = 39) Pa02 was 91. 8 ± 2.2 mm Hg (mean ± SEM) and Pac02 was 35.1 ± 0. 7 mm Hg. In anesthetized rats (n = 36) Pa02 and P2C02 were 77. 8 ± 1. 4 and 45. 6 ± 0. 6 mm Hg, respectively.
Regional blood-to-brain transport characteristics were determined by the double-label, single-pass, atrial bolus injection method . The arte rial cannula was connected to a syringe fitted to a with drawal pump calibrated at 1.60 mllmin. The withdrawal pump was started, and within seconds a 150-I.d bolus containing radiolabeled tracers was injected into the right atrium. The contents of the bolus varied with the experi mental protocol. Ten seconds after the atrial injection, the rats were decapitated, and simultaneously the with drawal pump was stopped and the arterial cannula re moved. The withdrawn blood was quantitatively trans ferred to tared vials and aliquots were measured for their radioisotope content. The brain was rapidly removed and bilateral samples from the frontal cortex, parietal cortex, hippocampus, cerebellum, and striatum were weighed and their radioisotope content determined by �-scintilla tion spectroscopy. A sample of blood oozing from the fo ramen magnum was collected in heparinized tubes, and an aliquot of the plasma was counted to estimate the ra dioactive content of the cerebral intravascular compart ment at decapitation (Sage et aI. , 1981) .
To determine the maximal blood-to-brain transport (T maX> of glucose and the concentration of plasma glucose J Cereb Blood Flow Metab. Vol. 6. No.6, 1986 at half-maximal transport (K,), studies were performed between 2 and 40 mM concentrations of plasma glucose produced by administration of either regular insulin (5-10 U s.c.) or 50% glucose solution (1-2 ml i. p. ) 30-45 min prior to decapitation. The bolus consisted of Ringer's solution, buffered with 10 mM N-2-hydroxyethylpipera zine-N'-2-ethane sulfonic acid (pH 7.4), containing 10 j..L Ci of ['4Cln-butanol (1 Ci/mol), 20-50 j..L Ci of D-[3,4-3H(N)]glucose (48 Ci/mmol), and an amount of unlabeled D-glucose to match the concentration of plasma glucose.
To account for non-carrier-mediated glucose transport, additional groups of rats were studied under identical conditions using L-[J-3H(N)lglucose (10. 7 Ci/mmol) in stead of radiolabeled D-glucose. In L-Ieucine transport experiments, the bolus consisted of 150 j..L 1 of rat plasma containing 25 j..L Ci of L-[4,VHlleu cine (131 Ci/mmol) and 10 j..L Ci of [14Cln-butanol. Correc tion for intravascular tracer was achieved by the use of [carboxyJ-l4C]inulin (2.1 mCi/g) in a separate group of rats.
All radiochemicals were obtained from New England Nuclear except inulin, which was purchased from Amer sham. Radioactive D-and L-glucose and L-leucine were evaporated to dryness under reduced pressure just prior to use to remove any volatile 3H contaminants.
Calculations
Regional brain BF (m11100 g/min) was calculated by the n-butanol indicator-fractionation method (Sage et aI., 1981) without correction for incomplete butanol extrac tion:
where Fs is the calibrated withdrawal rate of the syringe (ml/min), 14C brain is the radioactivity of the brain sample (dpm), and 14Cs is the radioactivity of the withdrawn blood (dpm); the brain weight is expressed in grams.
To calculate the specific carrier-mediated component of D-glucose or L-Ieucine unidirectional transport across the BBB, we had to account for the contaminating contri bution of residual intravascular label and, in the case of D-glucose, the component due to simple diffusion. In sep arate experiments the volume of distribution (j..L l/g) of L glucose or inulin was determined for each region in each protocol by dividing the radioactive content of brain samples (dpm/g) by the concentration (dpm/j..L l) of L-glu cose or inulin in the plasma of venous blood oozing from the severed head. Regional volumes of distribution were then multiplied by the plasma concentration of D-glucose or L-Ieucine in venous blood from the head, and the product was used to correct the D-glucose or L-Ieucine radioactive content of tissue samples.
The regional extraction fraction E for D-glucose and L leucine was calculated by dividing the corrected 3Hj14C ratio in each brain sample by the 3Hj14C ratio in the with drawal syringe (Pardridge and Oldendorf, 1975) . Regional permeability-surface area (PS) product was calculated from the regional extraction fraction and the regional plasma flow F p ] (calculated by multiplying BF by the arte rial plasma fraction, i.e., I -hematocrit), according to Renkin (1959) and Crone (1965) : PS = -F p ] x ln(l -E).
Unidirectional blood-to-brain glucose influx J was cal culated from PS and plasma glucose levels Gp] as de-scribed by Gjedde (1983) : J = PS X Gpj• Unidirectional BBB glucose transport constants, T max and K" were cal culated by a nonlinear least-squares fit of the data to the Michaelis-Menten equation: J = (Tmax x Gpj)/(K, + Gpj).
Statistical analyses of regional differences were com puted by the paired Student t test and those for the ef fects of anesthesia by the unpaired Student t test (two tailed). Bonferroni's method was used to correct signifi cance levels for multiple comparisons (Wallerstein et aI., 1980) . The relationship between D-glucose extraction by frontal cerebral cortex and cerebellum and plasma glu cose for both awake and anesthetized rats was tested for significance by analysis of covariance between log ex traction fraction and plasma glucose concentration. Sig nificance was considered at p < 0.05.
RESULTS
There were no regional brain differences in glu cose extraction over a wide range of plasma glu cose concentrations in anesthetized rats. The re sults are shown in Fig. I (right) for the frontal cortex and cerebellum. These results contrast sharply with our previous data in awake rats (Fig.  I, left) , where glucose extraction by the cerebellum was consistently higher than that by the cerebral cortex in every rat, irrespective of plasma glucose levels. Glucose ex- and cerebellum (open circles) in awake (left) and anesthe tized (right) rats. Lines represent the least-squares fit to E = a + b log G, with a and b being 0.398 and -0.084 for the frontal cortex ((2 = 0.911) and 0.723 and -0.157 for the cere bellum ((2 = 0.843) in awake rats, respectively. In anesthe tized rats (left) a and b were 0.450 and -0.1 07 for the frontal cortex ((2 = 0.839) and 0.494 and -0.123 for the cerebellum ((2 = 0.895), respectively. Glucose extraction in the awake cerebellum was significantly different from that in the awake frontal cerebral cortex and from those in both the cere bellum and the cerebral cortex in anesthetized rats (p < 0.005; analysis of covariance). There were no significant dif ferences in glucose extraction among frontal cerebral cortex of awake rats and either frontal cerebral cortex or cere bellum of anesthetized rats. Left panel of figure was taken from LaManna and Harik (1985) .
traction in anesthetized rats was intermediate be tween that of the cerebellum and the cerebral cortex of awake rats (Fig. I) ; however, significant differences by analysis of covariance were detected only between the awake cerebellum and each of the other groups depicted in Fig. I . In contrast to our results in awake rats, there were no significant dif ferences in BF to the various brain regions under chloral hydrate anesthesia ( Table I) . As was the case for regional brain glucose extraction (Fig. 1) , BF to the various brain regions became homoge neous and intermediate between that of the cere bral cortex and cerebellum of awake rats ( Table I) .
The unidirectional glucose transport constants T max and Kt in awake and anesthetized rats are listed in Table I . In awake rats regional Kt ranged from 5.1 to 3. 4 mM without significant regional dif ferences. Transport maxima in awake rats were similar in the cerebral cortex and cerebellum, a little lower in the striatum, and significantly lower in the hippocampus (p < 0.05). Anesthesia had no effect on the regional Kt values ( Table I) , but glu cose transport maxima became uniformly de pressed in all regions. Regional PS product values for D-glucose in the normoglycemic subgroups of awake and anesthetized rats (plasma glucose of 5-15 mM) are presented in Table 2 . The PS product in the striatum and hippocampus were significantly lower than in the cerebral cortex and cerebellum (p < 0.05). Anesthesia was associated with a general decrease in the P S product for glucose in all re gions, without alteration of interregional relation ships. The PS product results parallel the regional glucose transport maxima findings, which is ex pected since both are calculated from the same raw experimental data.
Regional relationships of brain leucine extraction resembled those for D-glucose in awake rats. Leu cine extraction was similar in the cerebral cortex, hippocampus, and striatum, but significantly higher in the cerebellum ( Table 3) . As with glucose, re gional brain leucine extraction became equal at an intermediate level under chloral hydrate anes thesia. In these experiments the effect of anesthesia on regional BF was the same as that described be fore in the glucose transport experiments (Tables 1  and 3 ).
There were definite regional differences in both the inulin and the L-glucose spaces (Fig. 2) . In awake rats the L-glucose space was significantly larger in the cerebellum and smaller in the striatum than in the cerebral cortex. Similar regional differ ences were observed for the inulin space. Anes thesia significantly reduced both the L-glucose and the inulin spaces by about one-third, but the inter-TABLE 1. Regional brain blood flow and blood-to-brain glucose transport constants in awake and anesthetized rats Values are means ± SEM of 20 observations in awake rats and 12 observations in anesthetized rats.
Significantly different at ap < 0. 05 in comparisons between awake and anesthetized rats; bp < 0. 05 in comparison with the frontal cortex.
regional relationships that we described III awake rats persisted.
DISCUSSION
Our previous study of regional blood-to-brain glucose transport in awake rats raised questions pertaining to the mechanisms underlying the observed differences in transport among the cerebral cortex, hippocampus, and cerebellum. In this study we extended our pre vious findings in the awake rat to include the striatum and studied the blood-to-brain transport of L-Ieucine in all those regions. We also investigated the role of regional brain BF and microcirculation characteristics in the BBB transport of glucose and leucine by comparing the results from awake and anesthetized rats.
Blood-to-brain glucose transport has been studied by several techniques and in a variety of experimental preparations. Such transport is satu rable, which allows the estimation of the transport constants Kt and T max in the same manner as for Values are means ± SEM of eight observations in awake rats and six observations in rats anesthetized with chloral hydrate.
Plasma glucose was 10. 9 ± 1. 1 and 11. 5 ± 0. 9 mM (mean ± SEM) in awake and anesthetized rats. respectively. a Significantly different from frontal cortex at p < 0. 05. There were no significant differences between awake and anesthetized rats.
J Cereb Blood Flo,," Metah. Vol. 6. No.6. IY86 biochemical enzymatic reactions. Our regional Kt values ( Table 1 ) are in agreement with those from other reports where the estimates range from 3 to 10 mM (Gjedde, 1980; Gjedde and Rasmussen, 1980a,b; Gjedde and Crone, 198 1; Betz and Ian notti, 1983; Gjedde, 1983; Braun et al. , 1985; Crane et al., 1985; Gjedde and Diemer, 1985) . The similar Kt estimates under a variety of experimental condi tions, and the lack of anesthesia effect on Kt in this study, suggest that this property of the glucose transport system does not participate in the physio logic regulation of glucose availability to the brain, at least on a short-term basis.
In contrast, estimates of T max values tend toward disparity. Changes in the T max of glucose transport are much more likely to affect brain glucose avail ability than changes in Kt at physiological blood glucose levels. We found that in the awake rat, there is a lower T max in the hippocampus and striatum than in the cerebral cortex or cerebellum, a trend also observed for glucose transport T max in anesthetized rats. Despite wide variations in the re ported BBB glucose transport maxima, a lower T max in the hippocampus relative to the cerebral TABLE 3. Regional brain blood flow and brain L-Ieucine extraction in awake and anesthetized rats cortex was consistently observed: 115 vs. 149 j..L moIl100 g/min in awake rats by the carotid injec tion method (Braun et aI., 1985) ; 414 vs. 670 j..L mol/l00 g/min in pentobarbital anesthesia by auto radiography (Gjedde and Diemer, 1985) ; and 239 vs. 393 j..L moIlIOO g/min in awake rats by an intrave nous injection method (Cremer et aI., 1983) . The last study (Cremer et aI., 1983 ) also reported a low striatal T max of 286 j..L moIlI 00 g/min. Glucose T max in the cerebellum was slightly lower than in the cere bral cortex of awake and lightly anesthetized rats (Cremer et aI., 1983; Gjedde and Diemer, 1985) , but Betz and Ianotti (1983) report lower cerebral than cerebellar T max (155 vs. 202 j..L molIlOO g/min) in gerbils under deep pentobarbital anesthesia. Thus, the calculated l�ax of BBB glucose transport varies substantially, both regionally and with the physio logical conditions of the experiment. Using the same experimental data, glucose trans port can also be expressed as PS product ( Table 2 ). In the awake rat the PS product for glucose in the cerebellum is similar to that in the cerebrum, and both are higher than the PS product in the hippo campus and striatum. These regional comparisons were maintained in anesthetized rats, but at a lower level. These P S product data are in general agree ment with the findings of others (Cremer et aI., 198 1; Gjedde and Diemer, 1985) .
Regional differences in leucine extraction ( Table  3) were similar to those of glucose and are consis-tent with those in previous reports (Sage et al., 198 1,1984; Brosnan et a!., 1984) . This suggests that such regional extraction differences are due to re gional peculiarities in vascular arrangement and capillary geometry rather than to intrinsic differ ences in the individual transporter moieties of the BBB. The vascular hypothesis is further supported by a consideration of the indistinguishable effects of anesthesia on glucose and leucine regional brain extraction.
We showed an � 10% decrease in glucose trans port T max with chloral hydrate anesthesia, which was not significantly different from that in awake rats. A larger anesthetic effect was previously ob served (Gjedde and Rasmussen, 1980b; Gjedde, 1983; Crane et at., 1985) . Direct comparisons among these and other studies that investigated the effects of anesthesia are complicated by the use of different anesthetic agents, different depths of an esthesia, and by differences in arterial blood gases. Another consideration often overlooked is the cor rection factor for the vascular volume, which we have shown to vary regionally and with experi mental conditions (Fig. 2) .
Regional brain BF is an important factor in cal culating BBB transport and should therefore be considered in the interpretation of glucose and leu cine transport results. Our regional BF data in awake and anesthetized rats are in agreement with those of others (Gjedde and Rasmussen, 1980b; Goldman et aI., 1980; Hawkins et a!., 1983; Gjedde and Diemer, 1985) . In regional brain studies there is a trend toward a direct pro portional relationship among BF, glucose transport T max (Hawkins et al., 1983; Gjedde and Diemer, 1985) , and metabolic rate for glucose (Hawkins et a!., 1983 ). Since regional BF varies considerably with the experimental condition, it is reasonable to conclude that in vivo estimates of glucose transport maxima pertain only to capillary segments that are perfused during such determinations, not the entire capillary bed. Capillary recruitment can vary signif icantly when BF changes (Weiss et aI., 1982; Buch weitz and Weiss, 1986; Francois-Dainville et al., 1986) , which may explain the wide spread in re ported glucose T max values under varied physiolog ical conditions. This conclusion is supported by the in vitro finding of a lower density of glucose trans porters, estimated by specific cytochalasin B binding, in cerebellar than in cerebral microvessels (Dick and Harik, 1986) , which is contrary to expec tations based on in vivo physiological studies. In that study the density of tissue capillaries (esti mated as the specific activity of ,),-glutamyl trans-peptidase, an enzymatic marker of capillary endo thelium) was similar in the cerebral cortex and cer ebellum. Thus, differences in glucose transport between the cerebral cortex and cerebellum cannot be attributed to variations in regional density of capillary glucose transporter molecules.
A most important conclusion of this study is our observation of consistent differences in the regional intravascular volume, determined as the volume of distribution of the plasma tracers L-glucose and in ulin. The vascular volume was always larger in the cerebellum than in the cerebrum and hippocampus and smaller in the striatum. Regional differences in vascular volume have been reported in many species by a variety of indicators such as sucrose, inulin, 51Cr-labeled erythrocytes, and 1251-labeled serum albumin (Johanson, 1980; Betz and Iannotti, 1983; B1asberg et aI., 1983; Cremer et aI., 1983; Picozzi et aI., 1985) . Brain vascular volume was uniformly lower during anesthesia, but the regional differences were pre served. Estimates of regional capillary mean transit time, from the regional BF and vascular volume data, show that in awake rats the transit time is longest in the cerebellum followed by the hippo campus and shortest in the cerebral cortex and striatum. Even though regional BF changes with anesthesia are not all toward a decrease, regional mean transit times are all faster in anesthesia, with the interregional differences being much smaller. This point is best illustrated by the fact that under anesthesia cerebellar BF was markedly increased (by �50%) (Tables I and 3) , while cerebellar blood volume, glucose transport capacity, and glucose PS product were all decreased. The best explanation for these findings is the hypothesis that anesthesia results in cerebellar perfusion through a more re stricted capillary bed at a faster mean transit time.
Regional blood-to-brain differences in carrier mediated transport and the changes that occur with anesthesia suggest major differences in regional vascular perfusion, and can be taken as evidence for the existence of dynamic control mechanisms for capillary recruitment (Hertz and Paulson, 1982; Weiss et aI., 1982; Gjedde, 1983; Pard ridge and Feirer, 1985; Buchweitz and Weiss, 1986; Francois Dainville et aI., 1986) . The methodology and equa tions that we have used in this study provide infor mation about the transport properties of the equiva lent "unit capillary, " and thus far indicate that there are few differences, both regionally and with functional brain activation, in the transport systems of this structure. Regional differences in capillary length and distribution, or in the ratio of open to closed capillaries, are probably undetectable by J Cereh Blood Flolt· Metah, Vol. 6. No. 6, 1986 these methods of calculation, which do not sepa rate permeability from surface area.
